span of years also greatly affects C and N dynamics. Wood et al. (1990) These results were found after a relatively short period as their correlation with precipitation, air temperature and soil water (3.5 yr), occurring after conversion from conventional content. Net soil N mineralization was measured by incubating undis-
previously fertilized plots vs. unfertilized plots in cotton tion in combination with air temperature and their interaction term (Gossypium hirsutum L.) cultivation (Hadas et al., gave the best prediction of average daily N mineralization at both sites. 1989) . Applied N fertilizer also interacts with crop residues to enhance soil N mineralization. Singh and Singh (1994) measured greater increases in N mineralization C ropping and fertilizer management practices rate with a fertilizer plus wheat straw treatment than have a cumulative effect on nutrient cycling and with separately applied fertilizer or straw. availability over time. The long-term effects may be Soil moisture and temperature are two other factors additive and/or synergistic. Traditional tillage managethat substantially affect N mineralization. Increases in ment in the Great Plains has resulted in a steady deboth soil moisture and temperature generally increase crease in soil organic C and N contents (Haas et al., SOM decomposition within the ranges typical of most 1957; Stewart et al., 1983) . Losses of the original soil soils. For soil moisture this range lies between Ϫ10 to organic matter (SOM) have been estimated to be as Ϫ50 kPa, and for temperatures between 0 and 45ЊC high as 60% after 50 yr of cultivation. Relatively short- (Haynes, 1986) . Repeated drying and wetting cycles can term (Ͻ20 yr) effects of tillage also have been found to have a stimulatory effect on cumulative N mineralizareduce potentially mineralizable C and N (Woods and tion relative to constant moisture conditions (Van Schuman, 1988) and to restrict the soil's ability to immoSchreven, 1968) , while fluctuating temperatures generbilize and conserve mineral N (Follett and Schimel, ally inhibit microbial activity (Haynes, 1986) . Changes 1989). Conversely, reducing tillage has resulted in in both soil moisture and temperature have a greater greater potentially mineralizable C and N where the effect on mineralization than their individual additive soil microbial population was less C-limited compared with a tilled system (Follett and Schimel, 1989) . effects alone. Cassman and Munns (1980) found signifiRecent research has suggested the existence of an cantly greater mineralization over suboptimal moisture active SOM fraction that is strongly affected by current levels at 30ЊC compared with lower temperatures than management practices (Bonde and Rosswall, 1987) .
that which would be expected by strictly additive effects. Cropping intensity or number of crops grown over a
The objectives of this study were to (i) measure the influence of cropping intensity on net soil N mineralization, (ii) quantify the effect of N fertilizer rate on net R.L. Kolberg, USDA-ARS, 1500 N. Central Ave., Sidney, MT 59270;  soil N mineralization, and (iii) correlate precipitation, incubate for 3 to 4 wk under field conditions (see Table 2 for at Stratton (38.18Њ N, 102.26Њ W) . Selected physical and chemidays of the five incubation periods). Resin bags and soil cores cal characteristics of the soils are shown in Table 1 . The study were removed from the field, stored in coolers, and transwas conducted from April to September, 1993, during the ported to the laboratory at the end of each incubation period. fallow period of WF and WCF cropping systems.
The tops of the cores were open to the atmosphere, thus allowing products of N mineralization to leach from each
Experimental Design
soil column into the resin bags, as driven by rainfall events. Introduction of N from precipitation was assumed to be small Plots were arranged in a randomized complete block design and to be the same for all treatments (7.5 kg ha Ϫ1 yr
Ϫ1
, National (complete factorial) with a split-plot treatment arrangement Atmospheric Deposition Program, 1995). and three replications. Main plots were cropping system (WF Crop residue and N content were measured at harvest time or WCF) with sub-plot treatments being N rates. Total each year. In wheat, 1-m row whole-plant samples were taken amounts of N fertilizer applied the previous six years were 0, from each plot, and in corn, seven whole plants were randomly 95, 190, and 286 , 0-15 cm depth) were taken in April upon excess soil, oven dried, and weighed. initiation of the study to obtain baseline levels of soil NO 3 -N and NH 4 -N. The in situ incubation procedure as outlined by Kolberg et al. (1997) was used. Five incubation cores were installed per plot (i.e., per treatment/replication) during each Bulk density was determined for each soil core by weighing the entire core, taking a subsample to determine moisture incubation period, which gave 600 total observations per site (2 rotations ϫ 4 N rates ϫ 3 reps ϫ 5 cores ϫ 5 incubation content, and then measuring the variation in length of the core. The remaining soil was air-dried, ground to pass a periods). Five cores per plot were calculated (Kolberg et al., 1997) as the minimum number needed to detect a difference 2-mm sieve, and a 10-g subsample was extracted with 50 mL of 2 M KCl for 1 h. Resin bags were serially extracted by of Ϯ1.5 mg N kg Ϫ1 at an ␣ level of 0.20. shaking intact bags in five separate volumes of 25 mL each temperature (mean air temperature during each incubation period), and soil water content (as measured in the soil cores of 2 M KCl for 15 min and then composited (Kolberg et al., 1997) . Both soil and resin bag extracts were filtered through at the end of each incubation period) on net soil N mineralization per day (mean rate during each incubation period averWhatman #5 filter paper that was rinsed with 20 to 25 mL of 2 M KCl. The filtrates were analyzed using The FLOW Solution aged over N rates). Analyses were done using different combinations of the above independent variables and comparing segmented flow analysis system (Perstorp Analytical Inc., Silver Spring, MD) for NO 3 -N and NH 4 -N. Nitrate-N was detertheir predictive ability as measured by the corresponding correlation coefficients (R 2 ). mined using the Cd column reduction method (Method No. P/N 001092, Perstorp Analytical Inc., Silver Spring, MD). Ammonium-N was determined using the salicylate-nitro-
Laboratory Analyses

RESULTS AND DISCUSSION
prusside-cyanurate method (Method No. P/N 001095, Perstorp Analytical Inc., Silver Spring, MD).
Nitrogen and Rotation Effect on Nitrogen
Net soil N mineralization during each incubation period Mineralization was calculated as an average of the five cores per treatment Nitrogen rate influenced soil N mineralization per using the combined amounts of NO 3 -N and NH 4 -N in both soil and resin analyses. First, the concentration of inorganic day within the WCF rotation, but not in the WF rotation N in the soil samples (soil weight basis) was converted to kg (␣ ϭ 0.05, Table 3 ). Within WCF, a significant increase ha Ϫ1 using the bulk density for that core. Second, the amount in mineralization occurred between the lowest and highof N in the resin bags was also converted to kg ha N mineralization during a fallow season, these data emphasize the importance of applying the amount of fertilStatistical Analysis izer N that will satisfy only the current needs of a crop Data were statistically analyzed using the GLM procedure from the SAS computer package (SAS, 1988) . The analysis of variance performed on average daily N mineralization (kg ha Ϫ1 d Ϫ1 ) used a power (0.3) transformation with site, rotation, N rate, and time increment as the independent variables. Data are presented in the original scale showing mean separations from the power-transformed analysis.
Regression analyses were performed on each rotation at each site to determine what variables most influenced these patterns. The regression analyses compared the relative effect of precipitation (total amount during each incubation period), and therefore minimize the possibility of leaching exis probably the primary reason for its lower rate of net soil N mineralization. High levels of N immobilization cess NO 3 -N.
Net soil N mineralization in WF was nearly twice that by soil microbes are well documented in the presence of high C:N ratio plant material (Tisdale et al., 1993) . of WCF averaged across N rates and sites (Table 3) . Larger crop residue contributions to the soil surface With greater sequestration of N in WCF compared with WF, leaching of NO 3 -N is less likely to occur during within the more intensive WCF rotation is the most apparent reason for smaller net N mineralization rates the subsequent autumn through spring period when the new wheat crop has a small root system and limited compared with WF. Surface residue levels measured in the fall of 1992 at Sterling were 3880 and 1430 kg ha (Table 4) . Although total on Nitrogen Mineralization N content was also higher in WCF (1.7 ϫ greater), Average daily net soil N mineralization also displayed calculated C:N ratios were similar (68:1 in WCF vs. 74:1 a three-way interaction of site, rotation, and incubation in WF, based on an assumed 42% C content). At this period (Table 2) . A different progression of N mineralsame site in a nearby experiment, Ortega (1995) found ization over time between Sterling and Stratton can be the quantity of surface residue linearly related to residue expected given the different rainfall patterns between in the upper layer of soil. Consequently, he reported the two sites (Fig. 2) . Over both rotations, N mineraliza-500 kg ha Ϫ1 more soil residue (crop residue in soil layer tion at Sterling increased from period 1 to 2 and thereafof 0-2.5 cm) in a more intensive wheat-corn-milletter tended to decrease through period 5, whereas a genfallow rotation than WF at Sterling, which contributed eral increase throughout the study was observed at 260 kg ha Ϫ1 more potentially mineralizable C. Greater C Stratton (Table 2) . present in the more intensive rotation, and consequently Different rotational patterns of N mineralization at more soil N immobilization, would account for less net the two sites were also evident. At Sterling, as precipitasoil N mineralization. Therefore, the substantially tion and mean air temperature increased from period higher levels of C in the surface layer of soil of WCF 1 to 2 (Fig. 2) , net soil N mineralization increased to a greater extent in WF than in WCF (Table 2) . A larger response of net N mineralization to increased moisture and temperature in WF is consistent with less residue there vs. WCF and less opportunity for N immobilization. Also at Sterling, as precipitation decreased from period 2 to 3 (76 to 38 mm, Fig. 2 ), N mineralization remained at the highest level of the study in WF, but decreased in WCF. Sustained moisture levels within the upper soil layer, which would maintain a high level of microbial activity, could account for this occurrence. Greater microbial activity in WCF could translate to higher levels of N immobilization and less mineralization, while in WF, with its lower residue levels, such activity may maintain higher mineralization. A thin argillic horizon (20-30 cm depth, soil profile data not presented) at Sterling could account for the sustained level of N mineralization. High clay content (38%) within this horizon may impede drainage to the point limiting in the fallow phase of WCF as it is in WF. Greater residue cover in WCF relative to WF can increase its soil water storing capacity and result in greater where moisture levels in the upper layer of soil remain production potential in the subsequent crop. closer to optimum for microbial activity. Soil water content (SWC) measured in soil cores at the end of each incubation period were higher on average at Sterling CONCLUSIONS than Stratton (219 vs. 196 g kg Ϫ1 ), even though Stratton This study indicates there is a greater probability of received 70 mm more total precipitation. retaining excess applied fertilizer N and resident soil N At Stratton, the pattern of average daily net soil N during the fallow phase of the more intensive WCF mineralization was similar between rotations through cropping system as compared with WF. Higher surface period 3. An analysis of SWC showed soils of WCF residues in WCF increase its ability to sequester and were 190 and 220 g H 2 O kg Ϫ1 vs. 170 and 190 g H 2 O immobilize N that subsequently can be used by followkg Ϫ1 in WF during periods 1 and 2, respectively. Greater ing crops as it eventually becomes mineralized. Theresoil water in WCF than WF may have stimulated more fore, increased cropping intensity allows for greater remicrobial activity but apparently translated to relatively tention of N in the root zone and prevents its potential greater N immobilization. Greater soil water content in loss to the vadose zone or groundwater. Although WCF may have been due to higher residue levels, thus greater cropping intensity can enhance N sequestration, providing more snow catch and more stored water in increased net soil N mineralization was measured during WCF. Residue amounts at Stratton (measured in 1993) the fallow period when historically higher N fertilizer were much greater in WCF (4320 kg ha Ϫ1 ) than in WF rates were applied. Since more intensive cropping re-(1400 kg ha
Ϫ1
). The SWC in both rotations reached the quires greater N inputs, this indicates the importance same level in period 3 (220 g kg Ϫ1 ) when Ͼ100 mm of of supplying only the current N needs of the crop to precipitation fell. However, only after another 115 mm reduce the probability of N loss to the environment. of precipitation fell in period 4 did a difference in N Precipitation, mean air temperature, and their intermineralization manifest itself between rotations. This action term was overall the best predictive model of N suggests that microbial processes were more moisturemineralization at both sites and both rotations. Addition limited at Stratton than at Sterling. of SWC did increase R 2 in all rotations except WCF at Regression analysis for Sterling showed net soil N Stratton, but a greater increase was seen in WF relative mineralization in the more intensive WCF rotation was to WCF at both sites, indicating generally more moisture more strongly driven by precipitation than by temperalimiting conditions in WF. Greater soil water conservature or SWC, whereas WF was mostly influenced by tion in WCF afforded by higher surface residues can precipitation and temperature (Table 5 ). In WCF, preaccount for this difference. cipitation alone explained 48% of the variability in mineralization among incubation periods vs. 26% in WF. with plant materials that induce net N immobilization, residues was followed in the laboratory at 15, 20, and 25 ؇C with 0, including a papermill sludge, corn (Zea mays L.) resi-2150, 4300, and 6450 kg vetch ha Ϫ1 equivalent loading rates of Յ1 due, and lupin (Lupinus alba L. Ultra) residue (Honmm particle-size residue. Ground and unground residues were added eycutt et al., 1988; Doel et al., 1990; Honeycutt and to microplot cylinders at loading rates equivalent to 0, 4028, and 5010 Potaro, 1990) . These studies were not designed to cap- matter and crop residues with crop N uptake. The dynamic nature of both processes within a growing season requires more than seasonal totals of cumulative N min-
